The demonstration of prolonged amperometric detection of oxygen in room temperature ionic liquids (RTILs) was achieved by the use of mechanical polishing to activate platinum screen-printed electrodes (Pt-SPEs). The RTILs studied were 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
Introduction
The oxygen (O 2 ) reduction reaction (ORR) is vital for biological aerobic respiration and metabolism, and in fuel cells. 1 The sensing of O 2 gas is also crucial in many industrial processes and technological applications, ranging from combustion and steel-making processes (at high O 2 concentrations) to food preparation (e.g. monitoring leaks of O 2 at ppm levels). 2 Potentiometric semiconductor sensors are commonly used for oxygen detection due to their many advantages (e.g. low cost, robustness, compact sizes), however, their narrow dynamic ranges and high operation temperatures severely limit their applications. 3 Thin-film luminescent oxygen sensors offer promising but limited trace-concentration detection. 4 As a result, amperometric gas sensors (AGSs) are still relevant to this day due the wider linear response range that they offer. 2, 5 For oxygen sensing, platinum (Pt) is widely regarded as the most active electrode material. 1, 6 Room temperature ionic liquids (RTILs) have attracted considerable attention as solvents for electrochemical experiments. [7] [8] [9] RTILs are salts that are liquid at room temperature, possessing extremely low volatility and high intrinsic conductivity, in addition to other favorable properties as an electrochemical solvent. The application of RTILs as solvents in gas sensors has been extensively investigated, [10] [11] [12] [13] with suggestions for their use in membrane-free AGSs for a wide range of gases. 10 RTILs have been recently combined with screen-printed electrodes (SPEs) to produce planar, low-cost, miniaturized sensing surfaces. These SPEs consist of three thick-film electrodes (working, reference and counter) printed onto a planar surface, with typical film thicknesses in the range 20-100 μm 14 . The detection of ammonia, 15 oxygen, [16] [17] [18] chlorine, 19 methylamine 20 and hydrogen chloride 20 gases on commercially-available SPEs in RTILs has been reported. Whereas the electrochemical reaction mechanisms of most gases (i.e. ammonia, chlorine, methylamine and hydrogen chloride) on SPEs was found to be similar to that conventional metal disk electrodes, unusual voltammetry of the O 2 /O 2 •-redox couple in imidazolium RTILs on Pt SPEs was observed. 16 Cyclic voltammograms exhibited a cross-over characteristic and an absence of the superoxide oxidation peak, which together suggested a reaction of superoxide with the paste of the Pt SPE. Although linear calibration graphs were obtained (R 2 >0.99), the follow-up chemical reactions suggested that these SPE/RTIL systems may only be suitable for "singleuse" O 2 detection. 16 In contrast, CVs performed in an aprotic pyrrolidinium based RTIL were comparable to those on standard Pt macrodisk electrodes. 16 We have recently found that mechanical polishing of Pt-SPEs produced a superior electrochemical performance in aqueous electrolyte media compared to other, more conventional electrode surface treatments. 21 In this paper, we therefore investigate the effect of mechanical polishing of Pt-SPEs for the detection of oxygen in two RTILs. Particular focus is given to the RTIL 16 The electrodes are subjected to extended monitoring of oxygen using cyclic voltammetry and the harsher technique of long-term chronoamperometry, where superoxide is continuously generated at the electrode. The results presented here clearly show that mechanical polishing improves the performances of Pt-SPEs for prolonged oxygen sensing in RTILs.
Experimental

Chemical Reagents
The RTILs and high-purity nitrogen gas (N 2 , 99.99 %) were purchased from BOC gases (North Ryde, NSW, Australia). Tetrahydrofuran (THF, Sigma-Aldrich, 99%) was used to remove the polymer coating of the Pt-SPEs prior to polishing. 0.5 M sulfuric acid (H 2 SO 4(aq) , Ajax Finechem, WA, Australia), and 0.1 M potassium chloride (KCl, > 99.5 %, Fluka, Buchs, Switzerland) aqueous (aq) solutions were prepared using ultrapure water.
Preparation of polished Pt-SPEs
Pt-SPEs from DropSens (DRP-550, Oviedo, Spain) were chosen due to their reportedly better electrochemical performance and reproducibility compared to other commercially available SPEs. 24, 25 The Pt-SPEs consist of a 4mm diameter Pt based working electrode (WE), a Pt based counter electrode (CE), and a silver based (quasi-) reference electrode (RE Areas were estimated from optical images, and the larger CE and RE for polished SPEs is due to the additional electrode area exposed after the removal of the polymer mask. The Pt-SPEs were soaked and sonicated in THF (to remove the blue polymer material), followed by polishing on soft lapping pads on a rotating mechanical polisher at a rotation speed of 600 rpm for ca. 1 minute, until a glossy finish was obtained. The exposed Ag metal traces were then sealed with SELLEYS® Silicone Sealant (100% Silicone, purchased from local hardware store) to leave only the three electrode surfaces (WE, CE and RE) uncovered. Unless otherwise stated, the unpolished Pt-SPEs were used 'as-is' straight out of the box without subjecting to any pre-treatment.
Electrochemical experiments
Pt-SPEs were connected via soldered wires to a μ-Autolab Type III potentiostat (Eco-Chemie, Netherlands) controlled by a PC running NOVA 1.8 software. The step potential for CV experiments was fixed at 0.003 V and a scan rate of 0.1 V·s -1 was consistently used. 30 μL of RTIL was dropcasted over the three electrodes for each experiment. The Pt-SPE was then inserted into a specially designed glass cell for gas sensing experiments. 16 Oxygen gas was introduced from a cylinder, and was further diluted with nitrogen gas, as detailed previously. 16 A total gas flow rate of 100 standard cubic centimeters (sccm) was used for all the CV experiments. The RTIL was flushed with nitrogen for ca. 1 hour before commencing experiments in order to remove dissolved impurities such as oxygen and water naturally present in RTILs exposed to air. No obvious voltammetric features were observed in the blanks, suggesting that no significant impurities are present (e.g. water/unreacted starting materials). 26 This is important, especially as water and other impurities can affect the kinetics of reactions 27 and the mechanism of the ORR. 28 Before CVs of oxygen were recorded, consecutive CVs (from 0 to -1.8 V)
were performed in a N 2 -purged environment until the voltammetry stabilized (typically up to 12 cycles).
After each CV of oxygen, 8 minutes was allowed before the commencement of the next scan for replenishment of the oxygen content of the RTIL. observed (i.e. no superoxide oxidation peak), with the appearance of a 'cross-over' of current in the forward and reverse scans on the second cycle, consistent with that reported previously. 16 This was proposed to be due to the reaction of the electrogenerated superoxide with components of the ink matrix in the mildly acidic imidazolium RTIL; 16 the cross-over likely occurs as a result of the changing nature of the working electrode during the course of a CV cycle, due to that reaction. Once the components of the ink are consumed, the reaction no longer proceeds and the crossover is not present (typically after ca. 35-40 scans in the presence of 100 % vol. O 2 ). The reaction of superoxide with the imidazolium cation has been previously suggested by AlNashef et al. 31 and Islam et al. 32 Later, Frith et al. 33 used in- 33 as is consistent with our results. 16 However, in our case, it appears that the compounds in the paste of the screen-printed ink are linked to the degradation of [C 2 mim] + observed within the voltammetric timescale. 16 Figure 1a also shows a ca. 600 mV shift in the reduction peak potential from the first to the second scan, as reported previously. 16 This is mainly due to a shift in the quasi-reference electrode potential, as a similar potential shift was observed for the ferrocene/ferrocenium redox couple when added in-situ. 21 In [C 4 mpyrr][NTf 2 ], the voltammetry on the unpolished electrode ( Figure 1c ) is more chemically reversible (the superoxide oxidation peak is clearly seen, as reported previously). 16 However, the CV has a less ideal shape compared to O 2 reduction on macrodisk electrodes 16 (Figure 1b), the reduction peak potential did not shift between the first and second scans, suggesting a more stable quasi-reference electrode surface after polishing. However, potential shifting was observed on all electrodes over the course of 120 scans which means that instability in the reference electrode still persists after polishing. Additionally, peak currents were smaller than on unpolished Pt-SPEs, which could imply a reduction in the number of electrons exchanged or a change in the electrode surface area. 21 After 120 cycles (Figure 1b inset) , the voltammetry resembled that of an ideal CV for oxygen reduction (e.g. on an polished macrodisk electrode). 16 The currents are also significantly smaller, suggesting the number of electrons involved in the reduction step is lower (estimated here to be n = 1, based on the wave-shape and the known oxygen voltammetry in RTILs on conventional Pt disk electrodes). 16, 34 (Figure 1d ), the wave-shapes for all CVs from the first to 120 th cycles showed chemically reversible behavior with similar peak currents and were much more stable over time, suggesting suitability for long-term measurements (although possible reference potential shifting over time would have to be accounted for). The most likely explanation for the improved behavior with polishing is the exposure of a fresh screen-printed Pt material by the removal of surface contaminants (e.g. excess residual binding materials or absorbed organic oils from the manufacturing and packaging processes).
21
Attempts were also made to electrochemically activate the Pt-SPEs (both polished and unpolished) using conventional methods by cycling in 0.5 M H 2 SO 4 (aq) 29 and 0.5 M KCl 30 . However, the CVs for oxygen reduction on both polished and unpolished electrodes were highly unusual, showing larger background currents and poorly shaped peaks. This demonstrates that these methods are unsuitable for the activation of Pt-SPEs for use with RTILs in O 2 gas-sensing experiments.
Analytical response of unpolished and polished Pt-SPEs
To assess the advantages of using polished Pt-SPEs for extensive continuous O 2 gas monitoring, CV and LTCA at different concentrations of oxygen were performed after the electrodes had been subjected to 120 CV cycles in the presence of 100 % vol. O 2 . These were not present initially in the blank CVs in Figure 1 , and even after 120 CV cycles in the absence of superoxide (insets to Figure 2 ). This suggests that they have built-up during 120 cycles as a result of electrochemically-generated products of the superoxide/SPE paste/RTIL reaction. As the oxygen concentration is increased, the peak current at ca. -1.3 to -1.6 V also increased. For all other SPE/RTIL systems, reasonable single-peak CVs were observed, with the oxygen reduction current increasing with concentration. For all other SPEs, single-peak CVs were observed, with the oxygen reduction currents increasing with concentration. Figures 2b and 2c show the presence of a small prepeak before the onset of oxygen reduction, however this is not present in Figure 2d polished Pt-SPEs. The potential was held at a suitable overpotential relative to the oxygen reduction peak and the current was monitored over time. 100 % vol. N 2 gas was used between each oxygen concentration to observe any change in the baseline currents. Higher concentrations than 5 % vol. O 2 were avoided in these experiments due to the very rapid deterioration in the current response (results not shown) and the observation of a brown-colored product building up in the RTIL. This deterioration was observed for both unpolished and polished Pt-SPEs, even when the Pt-SPE was not subjected to the initial 120 CV cycles. In contrast, Pt-SPEs exposed only to nitrogen did not show any indication of baseline changes or deterioration. It should be noted that long-term constant biasing is considered a much harsher experiment compared to CV (or short-term chronoamperometry) due to the constant generation and accumulation of superoxide at the WE. Thus, CV may be a better method for monitoring O 2 at concentrations higher than 5 % vol.
Cyclic Voltammetry
Long-term Chronoamperometry
As seen in Figure 3a . It is further observed in Figure 3a that the decline of the current response after reaching a peak becomes more severe over time and as a result of exposure to higher O 2
concentrations. The equations of the calibration graphs and the corresponding limits of detection are presented in Table 2 .
As seen in (Table 2) were worse than those from CV (Table 1) , but the LODs were better. However, it is noted that the concentration range chosen for the two studies were different (0.1-5 % vol. for LTCA and 10-100 % vol. for CV). The choice of concentration ranges was based on the lowest O 2 concentration that was detectable via CV, and the instability of the response at higher concentrations during LTCA.
The 90 % response times, t 90 (defined as the time taken to reach 90 % of the plateau current from the baseline), were also estimated from 
Conclusions
The long-term sensing of O 2 gas in two RTILs on platinum SPEs before and after mechanical polishing has been studied. Polishing provides a substantial improvement in the voltammetric wave-shapes and stabilities when subjected to prolonged repeated scanning. th CVs (solid) with the blank (100% N 2 , dots) also subjected to 120 CV scans. Scan rate is 100 mVs -1 . The waiting time between consecutive scans was 8 min. Potential shifting is due to the unstable reference electrode of the SPE, but the magnitude of the shift is smaller on the polished surface. . The dashed line (--) shows the CV after the RTIL (visibly browned) was rinsed off and a fresh 30 μL aliquot applied. The solid line (-) shows the CV after the RTIL was rinsed off, and the surface polished before applying a fresh 30 μL aliquot of the RTIL. Scans were conducted with a scan rate of 100 mVs -1 .
